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1. :INTRODUCTION 
CONNECTIONS IN COLD-FORMED SECTIONS AND STEEL SHEETS 
1 by J.W.B. Stark d A W Tom,.2 an • • a. 
Joints are an important part of every structure, not only from the point of view 
of structural behaviour but also in relation to production cost. It has been shown 
that, for a structure of hot-rolled sections, about 30 percent of the total costs 
are directly or indirectly influenced by the connections. There is no reason to 
sssume that this cost .item will be much lower for liqht-weiqht structures. 
Economically speakinq the joining process will tend to raise the cost. A variety 
of joininq methods are available for liqht-weiqht structures. Correct selection 
is qoverned by a larqe number of factors; one is structural behaviour. This paper 
focuses on this point, thouqh structural behaviour is not the only vital factor. 
For a lonq time, even in the fairly recent past, steel structures would be composed 
of hot-rolled steel members. These members have relatively hiqh plate thicknesses. 
The last decade has seen cold-formed sections beinq used more and more. The cold-
formed structural members differ from the hot-rolled ones by their reduced thickness 
the shape of their sections and, by definition, the forminq process involved. The 
structural properties of hot-rolled and cold-formed members differ accordinqly. 
~tcchanical properties of the material change during cold-forming. The structural 
behaviour of members in bendinq or compression depends on material thickness and 
section-shape. 
1 Head of the Department of Steel Structures, Institute TNO for Buildinq Materials 
and Buildinq Structures, Delft, Netherlands. 
2 Research Enqineer at the Department of Steel structures, Institute TNO ~or 
Buildinq Materials and Buildinq Structures, Delft, Netherlands. 
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Fasteners used for connections in hot-rolied sections are especially developed for 
use in thicker plates. These fasteners can also be used for thinner plates, but 
sometimes there will then be some different structural behaviour. Furthermore, 
sp~cial fasteners are availablei they are sometimes preferable because of their 
simplicity in assembling, or just for economic reasons. It is clear that such a new 
d~velopment calls for study and research. The Institute TNO for Building Materials 
and Building Structures (= IBBC-TNO) carries out research programmes in the field 
of connections with financial support from the ECSC and from Dutch industry. 
2. REVIEW OF OUR RESEARCH PROGRAMMES 
Three of IBBC-TNO's programmes are related to connections in cold-formed sections 
and steel sheets: 
a) Welded connections in cold-formed sections 
The objective of this programme is to draft structural requirements for welded 
connections in cold-formed sections. At this moment it is not yet possible to 
~ive results because the programme bas just started. 
b) Mechanical connections in cold-formed sections 
This programme was completed in 1976 (ref. [ij). A summary of its results will 
be given in section 4 of the present paper. The aim of the programme was to 
draft structural requirements for mechanical connections in cold-formed sections. 
The programme was limited to bolts, screws and rivets. Three countries contri-
Luted in the execution of the inherent research, namely: United Kingdom, 
Austria and the Netherlands. Figure 1 gives an outline of the organisational 
structure and shows the division of work between the contributing countries. 
The results of the inventory and survey of literature are presented in [t]. A 
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review is given of a number oE types of connections or fasteners, plus test 
results from manufacturers and research institutes in Germany, Sweden 
(Baehre) and the United States (Winter, Pek6z). Using this information, a 
standard-test procedure was formulated. In all three countries, a serie of 
tests was carried out according to this standard procedure (refs r2l, [3J, 
[4] arid [sJ>. From these tests, design rules have meanwhile been developed. 
The results of tests on simple standard specimens have been used to calculate 
complete sonnections. These connections have been tested, too, and the 
experimental and theoretical results compared (ref. [6]). Finally, the 
results have been used to draft the relevant clauses for the European 
Recommendations for cold-formed sections. 
c) Fastening of steel profiled sheets for walls and roofs on steel structures 
This programme includes the following items: 
I Inventory and literature survey. 
II Requirements for connections 
- diaphragm action of sheets; 
the influence of repeated loads on the failure strength of connections; 
the influence of secondary forces on connections such as accidental 
fixing moment in the connection and temperature influences. 
III Drafting of recommendations. 
Ref. [a] gives the results of the inventory of the field of fastening of steel 
sheets. 
Ref. (9] describes the influence of secondary forces on fasteners caused by 
accidental fixing moment in the connection. Here the background of the item 
will be given; section 5 of the present paper treats it more in detail. 
Two aspects are important when a fastening system for sheets (loaded perpen-
dicularly to the sheet's plane) has to be designed: 
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1) Determination of the design strength of connections. 
2) Determination of the forces in connections during loading. 
As to 1): In view of the large number of types of fasteners and sheets, ~he 
report proposes that the characteristic strength of connections should be 
determined according to the "European reconunendations for the testing of 
connections in profiled sheeting and other light gauge steel components", 
which is drafted by Committee 17 of the European Convention for Construc-
tional Steelwork (ECCS). 
As to 2): To determine the sheet profile in a wall or roof, the sheeting is 
considered as a simply supported statical system (Fig. 2). But in reality, 
at the supports, the sheets are more or less clamped. For the design of the 
sheets it is realistic and safe to neglect the clamping effect. For the 
design of connections (fasteners), this simplification can be dangerous. 
The tension force in the fastener under uplift load differs from the value 
which follows from the caluclation of the sheeting. Even under downward load, 
the fastener will be loaded in tension (Fig. 3). Deflection of the sheet will 
make it contact the support at places A or B. This will cause accidental 
fixing moment of the sheet, which generate extra tension forces in the 
fasteners. 
3. GENERAL REQUIREMENTS FOR CONNEC'riONS 
Tho function of a f astener may involve a number of considerations. The main groups 
of requirements can be sununarized as follows: 
Structural requirements strength 
stiffness 
def ormation capacity 
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• number of components 




• sensitivity to moisture 
• sensitivity to chemicals 
As far as the non-structural group is concerned, the price of a fastener is important. 
Even more important is the pertinent assembling procedure. Sometimes there may be a 
requirement for a particualr assembly to be taken apart in its life. The degree of 
difficulty in the disassembly and reassembly operation can dictate the type of 
fastener which is most appropriate. Also of importance can be the number of 
components, and last but not least the required skill of workmen. A large percentage 
of fasteners is fixed in a shoddy way. For some fasteners this implies a drastic 
reduction in strength. 
Choice of fastener material and finish are largely dictated by environmental 
conditions in which the fastener will have to operate. The effects of temperature, 
corrosion resistance, humidity, chemicals are factors which have to be borne in mind. 
Xn this respect,fire resistance can be of extreme importance. 
Xn the research programmes of XBBC~NO, attention is focussed on three structural 
requirements explained below. Thick-walled structural steel and also the light gauge 
ste£1 sheet clearly possess such properties as strength, stiffness and deformation 
capacity (Fig. 4). Therefore, this material is suitable for use in structures. 
Ancillary parts of structures, e.g. connections, ought to have the same propt!r·ties 
(Fig. 5). Evidently.this applies to their strength and stiffenss. Xt is less known, 
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however, that their deformation capacity should also meet certain requirements. 
Strength 
For each type of connection, a characteristic strength can be determined by 
theoretical or experimental research. This strength can be influenced by the 
choice of section, and by the type and number of fasteners. 
Stiffness 
Stiffness of a connection is important because it determines the stiffness of 
the whole structure, or that of its components. Stiffness can also influence 
the forces in a connection. This is for instance the case for connections of 
lateral bracings to purlins and bracings in nonsway frames. The stiffness of a 
connection also determines the distribution of the loads. Stiffness has to be 
considered in relation to the whole structure. Zt is important that the 
stiffness of a connection is known, so that the stiffness of the whole structure 
can be calcul ated. 
Deformation capacity 
Deformation capacity of a connection is important. A connection with no deformation 
capacity can cause a brittle fracture of a structure or element. This primarily 
applies to static indetermined structures, where such influences as settling and 
fluctuating temperatures normally are not included in a design calculation. Local 
overloading can be eliminated, if the connection can deform sufficiently. Zn the 
case of static determined structures, the deformation capacity of each individual 
fastener can be important, if more fasteners are used. Figure 6 gives two examples 
wl1ich demonstrate the importance of this requirement. 
A failure mode with little strain capacity has disadvantages, if more fasteners 
have been placed in a row in the uire~tion of load. Zn a calculation, th~ 
force is divided into equal parts applied to each fastener. Theoretically this 
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is not correct. However, this assumption may be used if plastic redistribution 
can take place. 
The same requirement is necessary for connections in trusses, which are calculated 
as trusses with pin-ended joints. It is well known that secondary stresses are 
always introduced. A simplified design method is therefore permitted, if the 
connections can deform plastically in order to limit the influence of the secondary 
stresses. 
4. MECHANICAL CONNECTIONS J:N COLD-FORMED SECTIONS 
~ut1200shear tests have been carried out on simple standard specimens with normal 
bolts, friction grip bolts, screws and rivets. Figure 7 shows a review of the design 
shear strengths of these fasteners. For the screws these design strengths will now be 
treated in some detail. 
The strength of a connection is dependent on the failure mode. For screws, five failure 
modes can be distinquished. 
Failure type 1: Inclination of the fastener (Fig. 8). 
This failure mode appears when the thickness of the connected sheets is relatively 
sn•all. The design equation given in Figure 7 is an empirical one: 
= k 
s 
(d + 10)(t~ + 0.22) ae 
where: P = design strength of a connection for the failure mode inclination 
v 
of fastener, in N 
d = diameter of screw, in mm 
t 1 thickness of sheet in which is screwed, in rom 
This is always the thickest sheet 
a calculation value of yield stress of sheet material in N/mm2 
e 




0.156 (~ - 1) 2 + 0.35 with k < 0.7 
t2 s-
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t 2 = thickness of sheet against which head of screw is p1aced. 
Fai1ure type 2: Edge fai1ure. 
The screw remains perpendicu1ar to the direction of the app1ied 1oad. The shear 
p1anes are para11e1 and a distance apart that is equa1 to the screw diameter. 
A design equation must have the fo11owing form: 
Pu • 2t c1 'fe 
where: p = design strength of connection for edge fai1ure 
u 
t = thickness of thinnest sheet 
cl 
-
edge distance in direction of 1oad 
'fe = ca1cu1ation va1ue of shear stress. According to the tests,'fe = o.s ae 
Fai1ure type 3: Ho1e bearing (Fig. 9) 
A bearing fai1ure of the sheet materia1, with shearing-bearing action a1ong two 
distinct1y inc1ined p1anes, caused the sheet materia1 to pi1e up in front of the 
screw. For this fai1ure mode, the u1timate 1oad is independent of the edge distance. 
A design equation must have the fo11owing form: 
ps = n d t ae 
where: Ps design strength of connection for fai1ure mode ho1e bearing 
d diameter of screw 
t = thickness of thinnest sheet 
ae • ca1cu1ation va1ue of yie1d stress of sheet materia1 
n empirica1 factor. The tests showed that for screws this factor can 
be taken as 2.1 
Failure type 4: Sheet fai1ure (Fig. 10) 
Transverse tearing takes p1ace at the net section and is at right ang1es to the 1oad 
direction. From the tests it appeared that for screws the design strength can be 
ca1cu1ated by multip1ying the net section with the calcu1ation ~•alue of thP. yield 
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stress of the sheet mater~a~. A d~fferent equation is qiven for bo~ts because the 
strenqth of a bolted connection ~s larqer, and in more cases th~s failure mode w~~~ 
appear. Xn the combinat~ons where the equat~on for bolts and that for screws are 
different, another failure mode will occur in the case of screws (so not sheet 
fa~lure). 
Failure type 5: Shear failure of screw (Fiq. 11) 
A design equation must have the followinq form: 
where: P = shear strenqth of screw 
A • area of section of screw (! ~ d 2 ) 4 
~ • calculation value for shear strenqth of screw material 
Xt is difficult to determ~ne T, but in most national codes the ultimate torque 
moment of screws is given, Ha· Xf a full-plast~c shear stress distr~bution is 
1 3 
assumed at failure, then M8 ~ [:2~ d T. 
1 ---;>P=4~ 
A factor of safety must be taken between the ultimate strength and the design 




















of screw for failure mode 
planes 
moment of screw 
diameter of core of screw 
shear of screw 
The load-deformation diagram shown in Figure 11 illustrates the small deformation 
capac~ty. Therefore this failure mode is not permitted: the value of P has to be 
a 
25' larger than any other design strength. 
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It is appropriate to consider how the test results of standard test spec~ens can be 
used to calculate the properties of complete connections. From the actual measured 
load-deformation diagram, a bi-linear design diagram is derived; it is shown in 
Figure 12a. The values of stiffness and strength are now known. For a T-connection 
loaded in bending and shear as shown in Figure 12b, a moment-curvature relation can 
be calculated (Fig. 12c). This type of calculation was affected for aT-connection 
between cold-formed top-hat sections and channel sections. Figure 13 gives an 
Lmpression of the test setwup of a complete connection. Figure 14 shows the results 
for one case. It can be seen that, under working load, agreement between calculation 
&~d test result is good. Furthermore there is a relatively high reserve of strength. 
This is caused by redistribution of forces between the fasteners after reaching the 
ultimate load in the most heavily loaded fastener . Xn this case, the failure mode 
was inclination of the fastener (Fig. 15a). Figures 15b and 15c show other modes of 
failure, namely bearing failure and shear failure. The same kind of complete connec-
tion tests has been carried out with rivets and bolts. This has given sLmilar 
agreement as that for screws. 
As to connections with hi~h-strength bolts loaded in shear, the following be said. 
The J'.ustrian research activities (ref. L2J) has resulted in some conclusions. 
The applied sections are made of sheets with small thickness and they are 
galvanized. Due to the low amount of forces that can be transmitted in these 
sections by friction, it is not appropriate to design galvanized high-strength 
bolted connections in cold-formed sections as friction-type connections. Moreover, 
tests of 70 days have shown that prestress losses occur in tlte bolts, obviously 
caused by creeping of the zinc layer. They amount to an average of 20% for bolt 
M6, 10% for M10 and 4% for M16. Particularly in the smaller bolts, M6 and M10, 
influences occur in the ~ourse of t~c wuich would further reduce the .torctls that 
can be transmitted by friction. 
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Tightening of high-strength bolts to the initial stressing forces asspecified in 
the European rules for the application of high-strength tightened bolts, 1971, has 
produced no perceptible increase in the load-carrying capacity of the connections 
in comparison with hand-tightened connections. 
5. TENSION FORCES IN FASTENERS BETWEEN SHEETS AND UNDERSTRUCTURE LOADED BY WIND SUNCTION 
OR TRANSVERSAL LOAD 
In Section 2c we already discussed the existance of extra tension forces in the 
fasteners, as caused by accidental fixing moments of the sheet. These extra tension 
forces are called prying-forces. 
The value of the prying-forces depends on the following parameters: 
Flexibility of sheet in span direction 
Flexibility of sheet in cross section near fastener 
Diameter of head of fastener or diameter and stiffness of washer 
Distance between fastener and contactpoints A and B 
- Place of fastener in cross section of sheet 
Torsional flexibility of support. 
All these aspects can be jointly expressed in a prying- force factor. The prying-force 
factor is defined as: the factor with which the support reaction of the simply 
su~r~rted statical system has to be multiplied to obtain the tension force in the 
cor.nection. In ref. [91, formulae are derived to determine prying-force factors for 
sheets on two or t h ree supports under uplift or downward load. 
For determination of the prying-force factor it was necessary to acquire information 
about the deformation of the sheet ne ar the fastener. Therefore, 44 detail tests 
have been carried out in which sheet profile and fastener W<'re varied. It was possible 
to derive a formula to predict this flexibility. 
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For checkinq the theory, two larqe-scale tests have been carried out. It appeared 
that theory and tests are in qood aqreement. 
For real structures, the pryinq-force can have a value of 3. Thus far, connections 
have been desiqned with the simply supported system, their factor of safety usually 
varies between 2 and 3. Xn some cases the factor of safety will be fully used by the 
simplification of the calculation model, because of the pryinq-force. 
As was discussed before, it is important to have a calculation model for the desiqn 
of the fasteninq system of steel sheets for loads perpendicular to the sheets. For 
the desiqn of the sheets, the model accordinq to Fiqure 2 is correct. For the desiqn 
of the fasteninq system for a sheet on two supports under downward load, the 
calculation model accordinq to Fiqure 16 is suitable. 
The calculation model of Fiqure 16 has been based on the followinq assumptions: 
a) The upper flanqe of the support does not rotate. 
b) 'l'he compression force between sheet and support is concentrated in one line: 
pressure-line (places, A and A' in Fiq. 16). The cross section of the sheet near 
the pressure-line does not deform. 
c) The tension force in a fastener is dependent on the deformations of the cross 
section of the sheet near the fastener. Xt is assumed that the deformation of the 
sheet can be characterized by a spring constant c according to: 
P = c.tS 
where: P tension force in sprinq 
o = elonqation of sprinq caused by P 
c sprinq constant 
Accordinq to the calculation model of Fiqure 16, the force in the sprinq is equal to: 
(5.1) 
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where: F = tens~on force ~n spr~ng 
q = load on sheet per un~ty of area 
L ~- see F~gure 16 
a 1i 
n = number of fasteners per un~ty of length of support 
EI = stiffness of sheet per unity of w~dth 
c = spr~ng constant per fastener 




where: R = support react~on of a simply supported beam 
f = pry~ng-force factor 
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Because in real~ty a 1 is small in comparison with the span, a 1 shall be neglected 
in comparison w~th L. 





The ~quation for the pry~ng-force factor then is: 
al 
f = 
25 + 6a~ (5.5) 
F~gure 17 shows the relation between f and a 1 for certa~n values of s. 
It will be seen that the prying-force factor will have a maximum for a certain value 
of a 1 • Because in practice the value of a 1 is not prescribed (between certain limits 
the fastener can be placed ever}'\.,here in the l'lanqe of the support in the direction 
of the sheet-span), a design rule has to be based on the maximum value of the prying-
force factor, with a check afterwards if the value of a 1 belonging to f can occur mc.uc: 
~n practice. 
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The maximum value of f will apply, when: 
df 
d••t - 0 (5.6) 
From (5.5) and (5.6) follows: 
a, • ~ ------------------ (5.7) 
(5.8) 
When for instanceS • 0.005, then according to equation (5.8): f • 2.04 and 
max 
acccrding to equation (5.7): a 1 • 24~ 5 • When the span of the sheet L • 4000 mm, and 
1 the width of the flange of the support is 300 om, then a 1 can vary from 0 to Ti and 
it is possible that fmax appears. But when the width of the flange is 100 mm, a 1 can 
vary from 0 to .Jo and fmax cannot appear. According to Figure 17, the extreme value 
1 
• 40• SUbstitution of this value of a 1 Ln (5.5) gives: of f appears for a 1 
1 
40 
f t - 1 2 - 1. 82 0 
ex • 2 x 0.005 + 6(40) 
From all this it can be concluded that if a 1 has a value smaller than a 1 for which 
fmax appears, one has to substitute the maximum real value of a 1 in equation (5.5) in 
order to determine the extrem~ real value of the prying-force factor. 
In ref. [9], the influence of simplifications to derive (5.5) from (5.1) is analyzed. 
From this we can conclude that, for downward load, the simplifications give safe 
results but for uplift load a correction factor is necessary. 
From the preceding part of this section, the importance of the spring constant will be 
obvious. To obtain information concerning this point, 44 detail tests according to 
Figure 18 have been carried out, in which type of fastener and shoot profile are 
varied. The test set-up is according to rof. (to]. Tho doformcltton 1\ uf the connoctior. 
is defined as: the displacement of the head of the fastener with regards to the wobs 
of the sheet. 
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(5.9) 
\'lhere 61, 62 and 6 3 are the deflection at 1, 2 and 3 respectively in Figure 18b. 
As spring constant c is defined arbitrarily: 0.6 times the ultimate load ( working 
load) divided 
0.6 Pu 
c • A 




Figure 19 gives a load-deformation curve which is representative for all the detail 
tests. Note that after ultimate test-load there is a little deformation until failure. 
For this reason it is realistic to consider a fastening system as having failed when 
the force in a fastener under design load is equal to the characteristic strength of 
a connection. From the test results, an empirical formula is derived to determine 
the spring constant for fasteners with a head which is stiff in ~ison with the 
sheet thickness. 
0.0223 B t ..,.;~ t k' 
3 
c- (5.11) 
where: c • spring constant per fastener 
E • modulus of elasticity 
t • thickness of steel of sheet 
b3 • flat part of flange of sheet through which fastening is done 
k • diameter of stiff head of fastener 
Figure 20 shows the comparison of equation (5.11) with test results. From the figure 
it appears that in all cases the empirical formula gives higher values for c than 
the tests. This is done for reasons of safety, a high spring constant gives a 
high prying-force factor. 
To verify the theoretical formulas and their assumptions (including the d&rinition 
of spring constant) a full-scale test has been carried out (Fig. 21). The test 
specimen failed by oxceeding the bearing capacity of the sheet in the midspan cross-
section because the fasteners were overdimensioned. 
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Figure 22 shows the relation between the applied test load and the tension forces in 
the fasteners. Furthermo~e, calculated values according to equation (5.1) ~e given. 
These calculations are based on a value of c which is determined through the detail 
test. For the moment of inertia of sheet z, two different calculated values ~e taken: 
The moment of inertia of the full cross-section of the sheet. 
The moment of inertia belonging to the real bending moment at midspan. 
The moment of inertia is calculated according to the Dutch recommendations 
f 'or the calculation of p~ofiled sheets. 
Because there is only a small difference in these two sets of calculation results, 
for reasons of simplicity we take the non-reduced moment of inertia for calculation 
of the prying-force factor. 
From Figure 22 it appears that, if the supports do not rotate, the formulas to 
determine f and the defenition of c give calculation values which ~e in good 
agreement with test results. 
6. OONCLUSZONS AND DZSCUSSZON 
For a fastening system in cold-formed sections and steel sheets, two aspects are 
important: 
1) determination of the design strength of connections 
2) determination of the forces in connections during loading 
At ZBBC-TNO, three research programmes related to these items are c~ried out. 
This paper deals with the mechanical connections in cold-formed sections and the 
fastening of steel profiled sheets for walls and roof on steel structures. 
The programme of mechanical connections in cold-formed sections has already resulted 
in calculation rules for European recommendations. The objective of the other 
programmes is also to yield calculation rules for European recommendations. 
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APPENDZX ZZ - NOTATZON 
a 1 = edge distance of a fastener in a support 
al 
al = L 
b 3 = flat part of flange of sheet 
c = spring constant 
c 1 = edge distance of fastener in direction of load 
d diameter of fastener 
d 0 = oiameter of core of screw 
EI = stiffness of sheet per unity of width 
F = tension force in fastener 
f = prying-force factor 
k = diameter of head of fastener 
L = span of sheet 
MB ultimate torque moment of screw 






number of fasteners per unity of length of support 
= design strength of connections loaded in shear load 
= load per unity of area 
= support reaction of a simply supported beam 
6 EI 
= 
n c L 3 
= thickness of steel sheet 
ae • calculation value of yield stress 
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RESEARCH PROGRAMME 
executinq country 
~Inventory and survey of 1iterature : Nether1ands 
1 
norma1 bo1ts United Kinqdom 
standard 
friction qrip bo1ts Austria 
tests and 
screws .. Nether1ands 
eva1uation 
rivets _ ... Nether1ands 
l 
comp1ete connections: tests and 
Nether1ands 
ca1cu1ation methods 
.J European recommendations I I I Nether1ands 
Fiq. 1 
Orqanizationa1 structure of the research proqramme for 
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fig.17 relation between f (prying- force factor) and a 1 
for a sheet on two supports according to equation 
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a. overall view of the test set-up b. detail of the measuring of the forces 
in the fasteners 
Fig. 21 Test set-up to determine the forces in fasteners in a structure 
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